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Abstract

Exotic invasive species can influence the behavior and ecology of native and resident spe-

cies, but these changes are often overlooked. Here we hypothesize that the ghost ant, Tapi-

noma melanocephalum, living in areas that have been invaded by the red imported fire ant,

Solenopsis invicta, displays behavioral differences to interspecific competition that are

reflected in both its trophic position and symbiotic microbiota. We demonstrate that T. mela-

nocephalum workers from S. invicta invaded areas are less aggressive towards workers of

S. invicta than those inhabiting non-invaded areas. Nitrogen isotope analyses reveal that

colonies of T. melanocephalum have protein-rich diets in S. invicta invaded areas compared

with the carbohydrate-rich diets of colonies living in non-invaded areas. Analysis of micro-

biota isolated from gut tissue shows that T. melanocephalum workers from S. invicta

invaded areas also have different bacterial communities, including a higher abundance of

Wolbachia that may play a role in vitamin B provisioning. In contrast, the microbiota of work-

ers of T. melanocephalum from S. invicta-free areas are dominated by bacteria from the

orders Bacillales, Lactobacillales and Enterobacteriales that may be involved in sugar

metabolism. We further demonstrate experimentally that the composition and structure of

the bacterial symbiont communities as well as the prevalence of vitamin B in T. melanoce-

phalum workers from S. invicta invaded and non-invaded areas can be altered if T. melano-

cephalum workers are supplied with either protein-rich or carbohydrate-rich food. Our

results support the hypothesis that bacterial symbiont communities can help hosts by buffer-

ing behavioral changes caused by interspecies competition as a consequence of biological

invasions.

Author summary

Insects display a wide range of dependence on symbiotic bacteria for basic functions.

Responses by resident species to selective pressures imposed by invasive species, as well as

specific underlying mechanisms that give rise to these responses are still poorly under-

stood. Here we investigate the role of the symbiotic bacteria of the ghost ant, Tapinoma

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007942 July 19, 2019 1 / 22

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Cheng D, Chen S, Huang Y, Pierce NE,

Riegler M, Yang F, et al. (2019) Symbiotic

microbiota may reflect host adaptation by resident

to invasive ant species. PLoS Pathog 15(7):

e1007942. https://doi.org/10.1371/journal.

ppat.1007942

Editor: David S. Schneider, Stanford University,

UNITED STATES

Received: November 5, 2018

Accepted: June 24, 2019

Published: July 19, 2019

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: Data is available at

NCBI (accession number in SRA is

PRJNA496064).

Funding: This study was supported by the National

Natural Science Foundation of China (No.

31772228, 31601693) and the Science Foundation

for the Excellent Youth Scholars of Guangdong

Province (No. Yq2013031). The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

http://orcid.org/0000-0001-7363-431X
http://orcid.org/0000-0003-1304-6289
https://doi.org/10.1371/journal.ppat.1007942
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007942&domain=pdf&date_stamp=2019-07-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007942&domain=pdf&date_stamp=2019-07-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007942&domain=pdf&date_stamp=2019-07-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007942&domain=pdf&date_stamp=2019-07-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007942&domain=pdf&date_stamp=2019-07-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007942&domain=pdf&date_stamp=2019-07-31
https://doi.org/10.1371/journal.ppat.1007942
https://doi.org/10.1371/journal.ppat.1007942
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


melanocephalum, to changes in host behavior associated with interspecies competition in

areas invaded by fire ants, Solenopsis invicta. We show thatWolbachia is significantly

enriched in workers of T.melanocephalum from S. invicta infested areas, and that these

bacteria also increase in abundance in colonies that have been supplied with protein-rich

food. Our results suggest that bacterial symbiont communities can play an important

role in enabling ants to tolerate changes in behavior and diet as a result of biological

invasions.

Introduction

Rapid development of global trade and travel have created conditions for long-distance migra-

tion and concomitantly increased the threat of biological invasion by exotic species [1]. Inva-

sive species can affect the distribution, abundance and reproduction of native taxa [2,3] and

disturb the structure and function of ecosystems [4]. Invasive species can also cause severe eco-

nomic losses in agriculture, forestry and fishery, and potentially threaten the health of humans

[5,6].

Invasive ants are among the greatest threats to ecosystems; dozens of species have invaded

islands and continents around the world [7]. In particular, the red imported fire ant, Solenopsis
invicta Buren, relies on behavioral and numerical dominance to displace endemic, native and

other locally occurring taxa, including previously introduced species (hereafter referred to col-

lectively as “resident” species) across its introduced range [8]. Once established, S. invicta acts

as an omnivore and ecosystem engineer, with dramatic effects on ecologically similar resident

ants. In the United States, the congeneric species S. xyloniMcCook and S. geminata Fabricius

appear to be particularly sensitive to displacement by S. invicta [9]. In central Texas, S. invicta
has also been reported to destroy and eradicate colonies of the harvester ant, Pogonomyrmex
barbatus Smith [10].

With their superior competitive abilities, invasive species impose strong selection on resi-

dent taxa, some of which have been shown to adapt to these pressures in different ways [11].

To persist in invaded areas, common adaptive behavioral responses by resident species include

altered anti-predator defenses [12,13] and changes in the spectrum of used resources [14] and

habitats [15]. Recognizing these interactions is critical to understanding the long-term impacts

of biological invasions. However, responses by resident species to selective pressures imposed

by invasive species, as well as specific underlying mechanisms that give rise to these responses

are still poorly understood.

Symbiotic bacteria can be essential for the growth and survival of their hosts [16–18]. They

can play an integral role in the breakdown of food, recycling and provision of energy, produc-

tion of vitamins, and even shape innate immunity [19–22]. Microbial symbionts have been

shown to have broad effects on the health and behavior in humans and other mammals [23].

In the context of biological invasions, they have largely been studied to identify or assess their

effects in enhancing the invasion process of introduced species [24–27]. A better understand-

ing of the composition and function of bacterial symbionts, however, might also reveal poten-

tial mechanisms for behavioral change of resident host species to exotic invasives, since

changes in the bacterial symbionts have been shown to correspond to changes in food

resources in both vertebrates and invertebrates [28–33]. Furthermore, characterizing the bac-

terial symbionts of resident species could provide important clues about how to manage inva-

sive species.

Symbiotic microbiota reflect host adaptation
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Tapinoma melanocephalum (Fabricius) (Hymenoptera: Formicidae), the ghost ant, is a cos-

mopolitan ant species that is common in southern China. It was first recorded in China in

1921 and is likely to have originated in the Indo-Pacific region [34]. It has successfully invaded

both human-disturbed and undisturbed natural habitats of tropical and subtropical regions of

the world [34–36]. Tapinoma melanocephalum colonies are typically polygynous, unicolonial

and resilient to disturbance [37], and therefore display key features of successful invasive ants

[38–40]. Although interactions between invasive and resident ants are well documented

[41,42], examples of interactions between two different invasive ant species are rare. In a previ-

ous field investigation, we found that T.melanocephalum often persists in areas invaded by the

fire ant S. invicta, first recorded in mainland China in 2004 [43]. Due to their aggressiveness

and capacity to reach high population densities, most available food resources can be used by

workers of S. invicta [44,45]. In the field, workers of S. invicta can outcompete those of T.mela-
nocephalum in the use of available honeydew and thus may coerce T.melanocephalum into uti-

lizing a different ecological niche [44,45]. Here, we examined three main hypotheses: (1)

Workers of T.melanocephalummay exhibit less aggression in response to invasions by S.
invicta. (2) Colonies of T.melanocephalum living in S. invicta invaded areas have a different

diet than those inhabiting non-invaded areas, presumably due to competition for resources.

(3) The bacterial community found in workers of T.melanocephalum in S. invicta invaded

areas differs from that found in workers in non-invaded areas, and these differences are associ-

ated with their difference in diet.

To address these hypotheses, we investigated several possible mechanisms involved in the

behavioral differences of T.melanocephalum following invasions by S. invicta. Stable isotope

analysis can reveal differences in feeding activities [46], and previous research has indicated

that δN is typically correlated with the trophic level and nutritional state of an organism [47].

We examined stable isotope composition and symbiotic bacterial communities of T.melanoce-
phalum workers from S. invicta invaded and non-invaded sites, and measured responses of

colonies to different diets in an attempt to simulate the field conditions. The laboratory simula-

tion provided additional support for the field observations as we were not allowed to introduce

S. invicta into non-invaded sites. Thus we did not directly assess the situation before and after

invasion by S. invicta at individual sites, but assessed effects by comparing invaded and non-

invaded sites in combination with laboratory experiments. The results provide insights into

mechanisms of host responses to interspecific competition by two co-occurring ant species

with invasive traits.

Results

Species composition of resident ant communities are significantly different

between S. invicta invaded and non-invaded areas

By trapping and baiting, 3,947 workers belonging to 22 ant species were collected in the S.
invicta non-invaded areas, while 8,005 S. invicta workers and 8,412 workers belonging to 14

other ant species were collected in the S. invicta invaded areas. We found that the numbers of

workers of several ant species, especially T.melanocephalum in the S. invicta invaded areas,

were significantly higher (626 T.melanocephalum in the non-invaded areas versus 4,034 T.

melanocephalum in the invaded areas) (S1 Table). Compared with the non-invaded areas, the

Simpson dominance index (C) was significantly higher in the invaded areas, while the Shan-

non-Wiener index (H’) and Pielou evenness index (E) were significantly higher in the non-

invaded areas (Fig 1). These results indicate that species composition of resident ant commu-

nities are significantly different between S. invicta invaded and non-invaded areas, and S.
invicta invasion may be one reason for the differences.

Symbiotic microbiota reflect host adaptation
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Tapinoma melanocephalum workers exhibit less aggression in areas

inhabited by S. invicta
A comparison of the aggressiveness index based on encounters between T.melanocephalum
workers from invaded and non-invaded areas with S. invicta shows that most encounters

involved lower levels of attack (level I and level II), accounting for 66% and 52% of the total

scores in invaded and non-invaded areas, respectively (Fig 2A). Based on the aggressiveness

index, T.melanocephalum workers inhabiting S. invicta invaded areas displayed lower levels of

antagonism compared with those inhabiting non-invaded areas (Fig 2B).

In the group aggression experiment, T.melanocephalum workers from the S. invicta non-

invaded areas showed higher rates of mortality than those from the S. invicta invaded areas at

0.5h, 1h, 2h and 4h (Fig 2C). Moreover, after first contact with workers of S. invicta, the T.mel-
anocephalum workers from the non-invaded areas had significant lower attack indexes at 0.5

h, 1 h and 4 h than those without contact experience (F4, 70 = 4.411, P = 0.003) (Fig 2D). These

results support the hypothesis that T.melanocephalum workers living in habitats invaded by S.
invicta display submissive behaviors in order to avoid attack by fire ants.

Stable isotope analysis reveals differences in the feeding behavior of

colonies of T. melanocephalum that may result from interspecific

competition with invading colonies of S. invicta
Analysis of stable isotopes of T.melanocephalum workers from invaded and non-invaded

areas showed that workers from invaded areas had significantly higher δN than those from

non-invaded areas (Fig 3). Usually, lower δN values are associated with ants primarily feeding

on plant-derived diets such as nectar and insect honeydew, while higher δN are found in

omnivorous ants [48]. Thus the higher δN value in T.melanocephalum from invaded areas

may suggest that the feeding habits of these ants differ from those in non-invaded areas.

To assess fine-scale geographic variation in stable isotope values across sites, we analyzed

three species of annual Asteraceae (including a dominant species, Bidens pilosa) occurring as

invasive weeds in both invaded and non-invaded areas, and found that these plants did not dif-

fer in δN values between these two areas. A fourth species, the invasive annual (or sometimes

perennial) herbMimosa pudica (Fabaceae) had significantly lower δN values in invaded sites

than in non-invaded sites (S1 Fig). Overall these results, in particular those of the dominant

plant, B. pilosa, suggest that the stable isotope composition of plant communities are similar

across the two areas. Thus the different stable isotope signature of T.melanocephalum in S.

Fig 1. Effect of S. invicta invasion on biodiversity of resident ant species (Independent sample t test, mean±SE, n = 3 biological replicates). Asterisks indicate

significant differences (���P< 0.001). C: Simpson dominance index; H’: Shannon-Wiener index; E: the Pielou evenness index.

https://doi.org/10.1371/journal.ppat.1007942.g001
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invicta invaded areas seems likely to indicate that colonies have changed their feeding prefer-

ences as a consequence of S. invicta invasion.

Workers of T. melanocephalum host significantly different bacterial

communities in S. invicta invaded versus non-invaded areas

The assessment of bacterial titers by qPCR indicated no significant difference in the bacterial

content in the gut and gut tissues of T.melanocephalum workers between colonies from

invaded and non-invaded areas. Rarefaction analysis of sequence reads from amplicon

Fig 2. Individual and group behavior of workers of T. melanocephalum from either invaded or non-invaded areas when attacked by S. invicta workers. (A) Attack

level (No significant difference of attack levels was found between invaded and non-invaded areas except Level II; Level III: t = 0.044, df = 2, P = 0.178; Level II:

t = 4.612, df = 2, P = 0.044; Level III: t = 0.143, df = 2, P = 0.899; Level IV: t = -1.0, df = 2, P = 0.423) and (B) aggressiveness index (Independent sample t test,

mean ± SE, n = 3 biological replicates) between S. invicta and T.melanocephalum from S. invicta invaded and non-invaded areas. (C) Group mortality (Independent

sample t test, mean ± SE, n = 15 biological replicates) of T.melanocephalum under attack by S. invicta workers in S. invicta invaded and non-invaded areas. (D)

Aggressiveness index (One-Way ANOVA, mean ± SE, bars with same letters indicate no significant difference (P> 0.05)) for T.melanocephalum from the non-

invaded area at different times following contact with S. invicta. CK: T.melanocephalum without previous contact with S. invicta; Asterisks indicate significant

differences (�P< 0.05, ��P< 0.01, ���P< 0.001).

https://doi.org/10.1371/journal.ppat.1007942.g002
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sequencing of bacterial 16S rRNA gene showed sufficient depth for analysis (S2 Fig). Of the

total 841 bacterial OTUs present in T.melanocephalum from both areas (only 40 OTUs in

invaded areas with abundance above 0.01, versus 32 OTUs in non-invaded areas with abun-

dance above 0.01), 418 OTUs (32 OTUs with abundance above 0.01) including the common

insect endosymbiontWolbachia were shared between the bacterial communities of T.melano-
cephalum collected from fire ant invaded and non-invaded areas (S2 Fig). This indicates that

many OTUs present in T.melanocephalum from non-invaded areas are also present in T.mel-
anocephalum from invaded areas. A large number of OTUs in T.melanocephalum from the

invaded areas were unique, while some unique OTUs were also identified in colonies from

non-invaded areas (S2 Fig). We compared the alpha diversity (Shannon index) of bacterial

communities in each T.melanocephalum sample, and those from the invaded areas had a

lower Shannon index than those from the non-invaded areas (S2 Fig) with no overlap in bacte-

rial communities as shown by distinct clustering patterns in NMDS analysis (stress

value = 0.01, S2 Fig). These results indicate that differences in feeding preferences are also cor-

related with differences in gut microbiota in T.melanocephalum.

PICRUSt and LEfSe analyses suggest differences in bacterial symbiont

communities

Functional assignments were predicted from microbial community composition and structure

using PICRUSt. Although this analysis, which is based on sequence similarities of the short

16S rRNA gene amplicons needs to be interpreted with caution [49], it revealed potential

Fig 3. Stable isotope content (δN) (Independent sample t test, mean ± SE, 3 biological replicates were both

collected from 3 separate invaded sites and 3 separate non-invaded sites) of T. melanocephalum workers from S.

invicta invaded and non-invaded areas. Asterisks indicate significant differences (���P< 0.001).

https://doi.org/10.1371/journal.ppat.1007942.g003
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differences in predicted microbial function across invaded and non-invaded areas. Microbes

associated with T.melanocephalum from invaded areas were different in an array of hypotheti-

cal metabolic functions from their counterparts found in non-invaded areas. Pathways for

metabolic function, energy metabolism, metabolism of cofactors and vitamins, amino acid

metabolism and nucleotide metabolism appeared enriched in T.melanocephalum from

invaded areas (Fig 4A). Amino acid metabolism (that contributes to N cycling) may be the rea-

son for higher δN values detected in T.melanocephalum from S. invicta invaded sites.

We also used the LEfSe method to identify bacterial OTUs that were likely to explain most

of the differences between the invaded and non-invaded sites. The bacterial orders of OTUs

differed between colonies of T.melanocephalum from the two areas. Alphaproteobacteria were

more abundant in T.melanocephalum from invaded sites, whereas Gammaproteobacteria and

Bacilli were more abundant in T.melanocephalum from non-invaded sites (LDA scores> 4)

(Fig 4B). Differences in OTUs mainly spanned two phyla and three classes, with the orders

Lactobacillales, Rickettsiales (primarilyWolbachia) and Enterobacteriales (primarily Entero-

bacteriaceae) accounting for the majority of the differences (Fig 4B and S3 Fig). Based on 16S

rRNA gene analysis, theWolbachia found in T.melanocephalum is similar toWolbachia
strains found in Drosophila fruit flies (Fig 4C).

Different diets dramatically affect the abundance of Wolbachia,

Lactobacillales and Enterobacteriaceae in symbiotic microbiota of T.

melanocephalum from invaded and non-invaded areas

We hypothesized that changes to the food supply of T.melanocephalum colonies might affect

the relative abundances of different bacterial groups. Quantitative PCR assays undertaken with

whole ant specimens unveiled a striking reverse effect on the abundance ofWolbachia,

Fig 4. Functional analysis of bacterial symbionts from T. melanocephalum workers from S. invicta invaded and non-invaded areas. (A) According to PICRUSt

analysis, the most enriched metabolic pathways for symbionts in T.melanocephalum workers represented as mean number of KO (KEGG orthology) ± SE for energy

metabolism, metabolism of cofactors and vitamins, amino acid metabolism and nucleotide metabolism, Independent sample t test, n = 3 biological replicates, P

values in the chart were adjusted by a False Discovery Rate (FDR) correction to account for multiple testing [88]). (B) Bacterial groups that differ between T.

melanocephalum workers from S. invicta invaded and non-invaded areas based on LEfSe analysis. T.m.I: T.melanocephalum in S. invicta invaded areas; T.m.NI: T.

melanocephalum in S. invicta non-invaded areas. (C) V3+V4 areas of the 16S rRNA gene phylogeny ofWolbachia from workers of T.melanocephalum (441 aligned

nucleotide sites). Host insect names are in brackets. Bootstrap values (500 replicates) greater than 50% are indicated at the nodes. Sequences ofWolbachia collected

from T.melanocephalum workers are in red font. Asterisks indicate significant differences (�P< 0.05).

https://doi.org/10.1371/journal.ppat.1007942.g004
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Lactobacillales and Enterobacteriaceae.Wolbachia abundance significantly decreased in work-

ers of T.melanocephalum from S. invicta invaded sites (where they feed on a protein-rich diet)

with sugar water as a carbohydrate-rich food in the laboratory, while Lactobacillales and Entero-

bacteriaceae abundances significantly increased (Wolbachia: F 4,10 = 125.796, P< 0.001; Entero-

bacteriaceae: F 4,10 = 536.462, P< 0.001; Lactobacillales: F 4,10 = 174.642, P< 0.001; Fig 5A).

Conversely,Wolbachia abundance significantly increased when supplying workers of T.

melanocephalum from S. invicta non-invaded sites (where they feed on a carbohydrate-rich

diet) with only locusts as protein-rich food in the laboratory, while Lactobacillales and Entero-

bacteriaceae abundances significantly decreased (Wolbachia: F 4,10 = 1168.171, P< 0.001;

Enterobacteriaceae: F 4,10 = 1348.921, P< 0.001; Lactobacillales: F 4,10 = 1021.421, P< 0.001;

Fig 5A).

For the reciprocal controls, colonies of T.melanocephalum ants from invaded and non-

invaded areas were fed locusts and sugar water, respectively, and abundances ofWolbachia,
Lactobacillales and Enterobacteriaceae were largely unchanged (in non-invaded sites,Wolba-
chia: F 4,10 = 3.47, P = 0.0503; Enterobacteriaceae: F 4,10 = 1.019, P = 0.443; Lactobacillales:

F 4,10 = 0.613, P = 0.663; in invaded sites,Wolbachia: F 4,10 = 0.543, P = 0.708; Enterobacteria-

ceae: F 4,10 = 0.303, P = 0.87; Lactobacillales: F 4,10 = 1.403, P = 0.301, Fig 5B). These results

indicate that the change in the diet of T.melanocephalum as a consequence of the presence of

S. invicta affected the relative abundances ofWolbachia, Lactobacillales and Enterobacteria-

ceae in T.melanocephalum. This change appears to be plastic because it was reversed by sup-

plying ants with different foods.

Changes in vitamin B content of T. melanocephalum from S. invicta
invaded and non-invaded sites

Wolbachia has been shown to be associated with nutritional roles in other insect species, for

example supplementation of B vitamins in bedbugs [50]. We measured the B vitamin contents

in workers T.melanocephalum, and found that the concentrations of vitamin B2 and vitamin

B3 were significantly decreased by supplying T.melanocephalum from S. invicta invaded areas

with sugar (vitamin B2: F 4,10 = 37.942, P< 0.001; vitamin B3: F 4,10 = 17.609, P< 0.001), while

the concentration of vitamin B1 and vitamin B12 were not affected (vitamin B1: F 4,10 = 2.124,

P = 0.152; vitamin B12: F 4,10 = 1.118, P = 0.401; Fig 5C).

The concentrations of vitamin B2 and vitamin B3 were significantly increased by supplying

workers of T.melanocephalum from S. invicta non-invaded areas with locusts (vitamin B2:

F 4,10 = 27.355, P< 0.001; vitamin B3: F 4,10 = 32.297, P< 0.001, Fig 5C). Concentrations of

vitamin B2 and vitamin B3 could be recovered after the ants were fed with complementary

food (sugar for the ants from S. invicta invaded areas and peptone for the ants from S. invicta
non-invaded areas) (ants from S. invicta invaded area: vitamin B2: F 4,10 = 22.492, P< 0.001;

vitamin B3: F 4,10 = 14.523, P< 0.001; ants from S. invicta non-invaded area: vitamin B2:

F 4,10 = 17.993, P< 0.001; vitamin B3: F 4,10 = 43.626, P< 0.001; Fig 5D). The concentrations

of vitamin B2 and vitamin B3 were not significantly affected by supplying the workers of T.

melanocephalum from invaded and non-invaded areas with locusts and sugar, respectively

(P> 0.05 for all, S4 Fig).

The abundance of Wolbachia in the ant microbiome is positively correlated

with concentrations of vitamin B2 and B3 in workers of T. melanocephalum
in S. invicta non-invaded areas

The concentrations of vitamin B2 and vitamin B3 in workers increased or decreased depend-

ing upon the abundance ofWolbachia.Wolbachia abundance was positively correlated with

Symbiotic microbiota reflect host adaptation
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vitamin concentrations identified in T.melanocephalum in S. invicta non-invaded areas:Wol-
bachia abundance versus vitamin B2: R = 0.99, P = 0.001;Wolbachia abundance versus vitamin

B3: R = 0.898, P = 0.039; in S. invicta invaded areas:Wolbachia abundance versus vitamin B2:

Fig 5. Relative abundances of Wolbachia, Lactobacillales and Enterobacteriaceae and vitamin B concentration in workers of T. melanocephalum. (A) A shift in

abundances ofWolbachia, Lactobacillales and Enterobacteriaceae in T.melanocephalum workers from invaded versus non-invaded areas occurs when dietary

composition is shifted to sugar (carbohydrate) or locusts (protein) respectively. (B) No shift in abundances ofWolbachia, Lactobacillales and Enterobacteriaceae in T.

melanocephalum workers from invaded versus non-invaded areas occurs when diet is not changed in protein or sugar content, respectively. (C) Vitamin B

concentration in T.melanocephalum workers from S. invicta invaded and non-invaded areas after supplying with sugar and locusts as food, respectively. (D) Vitamin

B concentration in T.melanocephalum workers supplied with complementary food (e.g. peptone or sugar for ants from S. invicta invaded areas and non-invaded

areas, respectively) (as follow-up experiment to (C)). ‘LG’ (on the y-axis) stands for logarithm to the base of 10.

https://doi.org/10.1371/journal.ppat.1007942.g005
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R = 0.924, P = 0.025) expect vitamin B3 in T.melanocephalum from S. invicta invaded areas

(R = 0.756, P = 0.14).

Data from additional sites further confirmed differences in metabolism

and bacterial symbiont communities of T. melanocephalum between in S.

invicta invaded and non-invaded areas

The functional relationships of T.melanocephalum in the presence or absence of fire ants was

assessed for seven further field sites that are more distant from each other than the core study

sites. These additional field data showed that δN values of T.melanocephalum from four addi-

tional invaded sites (13 colonies) were significantly higher than those from three additional

non-invaded sites (16 colonies) (Fig 6A). qPCR assays also revealed that the abundance of

Wolbachia was significantly higher in workers from invaded areas than non-invaded areas

(Fig 6B) and the abundance of Lactobacillales and Enterobacteriaceae was significantly higher

in workers from non-invaded areas than invaded areas (Fig 6B). To directly test the effects of

S. invicta on T.melanocephalum's diet and microbiota, we collected three T.melanocephalum
colonies from the wild and reared them in the lab either with or without S. invicta for one

month. We then measured δN as well as abundances ofWolbachia, Lactobacillales, and Enter-

obacteriaceae. The δN values in T.melanocephalum were significantly increased after being

reared in competition with S. invicta (Fig 6C) and the abundances ofWolbachia, Lactobacil-

lales and Enterobacteriaceae were significantly affected (Fig 6D).

Discussion

Our study provides evidence that invasion by S. invictamay change the composition of the res-

ident ant community. We tested this indirectly by comparing invaded and non-invaded sites

Fig 6. Stable isotope content δN and abundances of Wolbachia, Lactobacillales and Enterobacteriaceae in more wild populations of T. melanocephalum. (A)

Comparison for the δN values (Independent sample t test, mean ± SE) and (B) abundances ofWolbachia, Lactobacillales and Enterobacteriaceae (Independent sample

t test, mean ± SE) in T.melanocephalum from another three non-invaded and four invaded sites. (C) Comparison for the δN values (Paired sample t test, mean ± SE,

n = 3 biological replicates) and (D) abundances ofWolbachia, Lactobacillales and Enterobacteriaceae (Paired sample t test, mean ± SE, n = 3 biological replicates) in T.

melanocephalum after rearing with or without S. invicta for one month. ‘LG’ (on the y-axis) stands for logarithm to the base of 10. Asterisks indicate significant

differences (�P< 0.05, ��P< 0.01, ���P< 0.001).

https://doi.org/10.1371/journal.ppat.1007942.g006
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since we were not allowed to infest uninvaded areas with S. invicta to elucidate this problem

directly, and, therefore, other factors may also contribute to the findings. Some ant species do

not exist in S. invicta invaded areas, whereas others, particularly T.melanocephalum have sig-

nificantly higher numbers. This effect may result in part from reduced competition between T.

melanocephalum and other ant species following S. invicta invasion [51]. However, T.melano-
cephalum workers inhabiting fire ant invaded areas also displayed submissive and avoidance

behaviors when attacked by S. invicta workers. Similar behavioral or morphological changes

can be found in other ants [52], frogs [53], plants [54], marine animals [55] and other terres-

trial animals [56].

We also found that the stable isotope composition of T.melanocephalum workers differed

between colonies located in the invaded and non-invaded areas. For δC, no differences were

observed, while significant differences were detected for δN. Thus the higher δN value in T.mela-
nocephalum from invaded areas suggests that the feeding habits of these ants may have changed as

a consequence of the S. invicta invasion. To persist, T.melanocephalummay settle for different

diets to avoid interspecific competition with S. invicta for nectar and insect honeydew. More vari-

able food resources are expected to result in greater variation of δC values [57], and no significant

difference was detected in δC for T.melanocephalum from the two different areas.

In addition to diet differences, we found systematic differences in the composition and

structure of bacterial symbiont communities in T.melanocephalum workers collected from S.
invicta invaded and non-invaded areas. AlthoughWolbachia was present in both invaded and

non-invaded sites, we found a larger number ofWolbachia sequence reads in T.melanocepha-
lum workers from S. invicta invaded sites.Wolbachia are intracellular bacteria that exist

mainly in the reproductive tissues (testis and ovary) of arthropod hosts so that they can manip-

ulate the reproduction of their hosts. In various insects,Wolbachia has also been detected in

other tissues, including in gut epithelial tissues and in accessory digestive glands such as sali-

vary glands.Wolbachia has also been found to be important to fitness in some host species,

andWolbachia titres can increase in some stressed insects [58].Wolbachia has been shown to

be associated with nutritional roles in other insect species, e.g. supplementation of B vitamins

in bedbugs [50]. In Drosophila,Wolbachia was shown to improve host fitness via metabolic

provisioning during periods of nutritional stress [59]. Based on 16S rRNA gene analysis, the

Wolbachia found in T.melanocephalum is similar toWolbachia strains found in Drosophila
fruit flies. Difference inWolbachia titers may be linked to changes in B vitamin metabolism in

T.melanocephalum from S. invicta invaded areas. Usually ants are attracted to feed on nectar

and insect honeydew, which have high sugar content, and studies have indicated that Lactoba-

cillales and Enterobacteriales have strong abilities to decompose sugar [60–62]. The observa-

tion of a higher abundance of Lactobacillales and Enterobacteriaceae in T.melanocephalum
from S. invicta non-invaded areas is consistent with easier access to nectar and insect

honeydew.

Bacteria such asWolbachia, Lactobacillales and Enterobacteriaceae have been identified by

16S rRNA gene amplicon sequencing studies in a variety of ants [63–65]. Different hypotheses

have been investigated regarding their possible functions in the host, particularly those related

to nitrogen metabolism [66]. Our experiments further indicate that the difference in relative

abundances ofWolbachia, Lactobacillales and Enterobacteriaceae between T.melanocephalum
from S. invicta invaded areas and non-invaded areas can be affected by the type of food avail-

able to colonies of T.melanocephalum. This is consistent with results from other studies show-

ing thatWolbachia titers can be affected by diet [67–69], and that microorganisms are

important for B vitamin metabolism in insects [70]. For example, high larval mortality

occurred in species of lice in the genus Pediculus when symbiotic bacteria were removed, but

this effect was reduced when the diet was supplemented with vitamin B3 (nicotinic acid) [71].
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In aphids, symbionts have been shown to possess the biosynthetic pathway for the synthesis of

vitamin B2 (riboflavin) [72]. The role in riboflavin synthesis has been supported by dietary

experiments and genomic data are consistent with the expectation that microorganisms play a

role in B vitamin provisioning to aphids [73].

The ecological effects of biological invasions have been well studied [74]. However, few

investigations have examined the likely ecological and behavioral change to invasions by native

and other co-existing resident species. In our study, we demonstrated that host–symbiont

interactions of resident species may change in response to biological invasions, and that sym-

biotic bacteria may play a role in the adaptation of resident host taxa to invasive species. We

found that bacterial communities associated with workers of T.melanocephalum in S. invicta
invaded areas were distinct from those of T.melanocephalum in S. invicta non-invaded areas.

However, additional genetic and/or functional studies of associated microbiota, such as experi-

mental manipulation of ant communities in the field (to overcome spatial issues), are required

to fully understand the microbial-host interactions that occur in T.melanocephalum following

S. invicta invasion. We also found that the titer ofWolbachia is dependent on the nutritional

status of its host. This has previously been observed for Drosophila [68] and is an important

finding in the context of pest management strategies that rely onWolbachia.

Methods

Quantifying ant abundance across S. invicta invaded and non-invaded

areas

Our field experiments and sample collections were carried out in three S. invicta invaded and

three non-invaded sites in Guangzhou, China (S5 Fig). At each site, one plot (approximate

1,000 m2) was randomly selected for further investigation and sampling. This region has a

humid, subtropical, monsoon climate, with 1,696 mm of annual rainfall, a minimum monthly

average temperature of 21.9˚C in January, and a maximum of 28.4˚C in July [75]. The invaded

and non-invaded sites are more than 3 km apart, and our continuous observations over more

than five years confirmed that they are in zones that have either been invaded by S. invicta, or

not been invaded by S. invicta. Significant genotypic differentiation of workers between sites

demonstrate that the invaded and non-invaded sites contain different T.melanocephalum col-

onies [76]. The study areas have not been used for farming for more than five years [77] but

carry many weeds, and are dominated by the weed Bidens pilosa L.

To evaluate the potential impact of S. invicta invasion on the diversity of resident ant com-

munities, ants were sampled from each plot between September and October 2015. Pitfall trap-

ping and baiting were used to sample the ants in three invaded and three non-invaded sites.

For trapping, a 100 mL centrifuge tube containing 40 ml of 45% alcohol was buried so that the

opening of the tube was flush with the ground surface. In each plot, three traps were randomly

set and left for 24 h. For baiting, ham sausage and honey were placed in a 30 ml transparent

plastic bottle that was placed horizontally on the ground for 30–60 min. In each plot, three

baits were randomly set between 8:00–18:00 h. The Simpson index (C), Shannon-Wiener

index (H’) and Pielou evenness index (E) were calculated and compared between fire ant

invaded and non-invaded areas.

Aggressive behavior between T. melanocephalum and S. invicta
To determine whether coexisting colonies of T.melanocephalum change their behavior in

response to fire ant invasion, individuals were collected from T.melanocephalum colonies in

the S. invicta non-invaded sites (2 colonies were collected from GZ1, 3 colonies from GZ2, S5
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Fig), and individuals of S. invicta and T.melanocephalum colonies from the S. invicta invaded

sites (all colonies were collected from GZ4, S5 Fig). The collected colonies were maintained in

plastic nest boxes whose walls had been painted with Fluon in a temperature controlled room

at 26˚C and 80% humidity, and provided with sugar water (20% w/v) and locusts, Locusta
migratoria manilensis (Meyen) as food every day. After rearing for one month, the ants were

used for experiments.

We quantified interspecific aggression between the two ant species using the following

behavioral assay adapted from a previous report [78]. To test for interspecific individual

aggression, one medium-sized (length, 4–5 mm) S. invicta worker and one T.melanocephalum
worker were placed in a Petri dish (diameter = 4.0 cm, height = 1.5 cm) using a brush. Interac-

tions were scored on a scale from 1 to 4, following protocols from an earlier study [52] and

adapted for fire ants in this study: ants exhibited no change in direction or posture upon

encounter or turned and moved away (Level I), ants made antennal contact that lasted for

more than one second (Level II), ants opened their mandibles or turned their gasters upwards

or towards their heads (Level III), both ants attacked each other and were twisted together, or

one ant fiercely attacked the other with upper jaws grappling or stinging (Level IV). After five

minutes, the ants’ attack scores and times were recorded, and an aggressiveness index calcu-

lated using the following formula

Pn

i¼1
di fi

T for each trial [52]. In this formula, δi and fi are the

interaction score and frequency of each act, respectively, and T is the total interaction fre-

quency, which is defined as the sum of all contacts between ants. Five pairs of colonies were

tested. Ten trials, each involving different workers, were conducted for each pair of colonies.

For group aggression experiments, ten medium-sized (length, 4–5 mm) workers of S.
invicta and ten T.melanocephalum workers from colonies of fire ant invaded and non-invaded

sites were randomly selected and placed in a Petri dish (diameter = 9 cm, height = 1.5 cm,

sides coated with Fluon) using a brush. Mortality was recorded after 0.5 h, 1 h, 2 h and 4 h.

Five pairs of colonies were tested, and three trials, each involving different worker samples,

were conducted for each pair of colonies. Ants whose bodies were so damaged that they could

not stand after the encounter were considered dead.

Behavioral adaptation of T. melanocephalum to the attack of S. invicta
To determine whether contact experience between S. invicta and T.melanocephalum influ-

enced levels of aggression between the two species, a single worker of T.melanocephalum col-

lected from the non-invaded area (workers from 2 colonies were collected at GZ1, and from 3

colonies at GZ2, S5 Fig) was placed in the Petri dish, and 1 min later, a worker of S. invicta
(collected from GZ4, S5 Fig) was introduced to the same Petri dish. We removed the S. invicta
worker when it became apparent that the two workers were going to fight. At intervals of 0.5 h,

1 h, 2 h or 4 h later, we introduced another S. invicta worker and again tested the level of inter-

specific individual aggression for 5 min. Fifteen pairs of colonies were tested. Three trials, each

involving different workers, were conducted for each pair of colonies.

Stable isotope analysis

In order to investigate whether S. invicta invasion could affect the feeding habits of T.melano-
cephalum, the stable isotope composition of T.melanocephalum workers from both invaded

and non-invaded sites was assessed. Workers of T.melanocephalum were collected from three

sites within the area invaded by S. invicta (sites GZ4, 5, 6, S5 Fig), and three sites within the

area not invaded by S. invicta (sites GZ1, 2, 3, S5 Fig) between September and October 2015.

For each site, 200 ant workers were collected, pooled together and stored at -80˚C. We
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removed the gasters from each worker of T.melanocephalum to prevent recent stomach con-

tents from influencing δ15 N values [79]. The same species of plants (i.e. Bidens pilosa,Mimosa
pudica, Ageratum conyzoides and Erigeron canadensis) from invaded and non-invaded areas

were collected between September and October 2015. Three young leaves for each plant and

eight plants from each site were randomly collected. We dried all samples at 60˚C for 24–48 h.

To prepare samples for isotopic analysis, samples were ground with a mortar and pestle, and 1

mg of each sample was packed into a tin capsule.

An Isotope Ratio Mass Spectrometer (Thermo Fisher Scientific, Inc., USA) was used to

measure stable isotopes according the manufacturer’s instructions. Stable isotope abundance

(δ) was calculated as follows [79]:

d ‰ð Þ ¼
RSa
RSt
� 1

� �

� 1000;

RSa is the detected value of the collected samples; RSt is the detected value of the standard

sample.

To determine whether the fine-scale geographic distribution of stable isotopes was the same

between the invaded and non-invaded sites, the stable isotope composition of plants was

compared.

Response of T. melanocephalum bacterial symbionts to S. invicta invasion

Bacterial symbiont communities of T.melanocephalum in the S. invicta invaded sites (sites

GZ4, 5, 6, S5 Fig) were compared with those in the non-invaded sites (sites GZ1, 2, 3, S5 Fig)

and the potential function of the symbionts was investigated.

For each site, 100 ant workers were randomly collected from at least 10 colonies. Colony

boundary aggression tests suggested that all 10 colonies were separate colonies [76]. Guts of

workers from each site were pooled together in pure alcohol and stored at -80C. For each site,

100 worker guts were transferred into centrifuge tubes containing DNA extraction buffer.

DNA was extracted using a DNA extraction kit (Tiangen biotech CO., LTD, Beijing, China)

following the manufacturer’s instructions. The bacterial 16S rRNA gene was amplified from

the extracted DNA by PCR using two primers targeting the V3+V4 variable region of the 16S

rRNA gene (16S-F: 5’-CCTACGGGNGGCWGCAG-3’, 16S-R: 5’-GGACTACHVGGGTATC

TAAT-3’) [80]. qPCR was used to estimate the absolute content of bacterial DNA in the next

generation sequencing samples by using universal bacterial 16S rRNA gene primers (see

below). A standard curve for qPCR was generated by amplifying a 16S rRNA gene fragment of

E.coli. Each sample was analyzed in a total reaction volume of 25 μL containing 2.5 μL of

Takara 10× Ex Taq buffer, 1.5 μL of Mg2+ (25 mM), 2 μL of dNTPs (2.5 mM), 0.25 μL of

Takara Ex Taq (2.5 U/μL), 0.5 μL of each primer (10 μM), 16.75 μL of ddH2O and 25ng of tem-

plate. Three PCR amplifications for each sample were performed with a 2 min incubation at

95C followed by 30 cycles at 94C for 30 s, 57C for 30 s, and 72C for 30 s, with a final 5 min

extension at 72C. Each set of experiments included negative controls with sterile distilled

water instead of template DNA. No amplified products were found in the negative controls.

The PCR products were purified using a QIAGEN MinElute PCR Purification Kit to remove

unincorporated primers and nucleotides. A micro-spectrophotometer ND-1000 (NanoDrop

Technologies, Wilmington, DE, USA) was used to measure the concentration of the purified

DNA. Adapters were added to the purified DNA to build a library for sequencing using the

Illumina sequencing kit (www.illumina.com/company/legal.html) and an Illumina MiSeq

sequencer (Illumina, San Diego, CA, USA). Amplicons were then pooled in equimolar fashion

and paired-end sequenced (2 × 250) on an Illumina platform according to the standard
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protocols. For each sample, more than 50,000 reads were obtained. After sequencing, the data

were filtered to remove reads containing more than 10% of unresolved nucleotides (N) and

reads containing less than 80% of bases with a Q-value > 20. Paired end clean reads were

merged as raw tags using FLSAH (v 1.2.11) with a minimum overlap of 10bp and mismatch

error rates of 2%. Noisy sequences of raw tags were filtered by QIIME (V1.9.1) pipeline under

specific filtering conditions to obtain the high-quality clean tags. Clean tags were searched

against the reference database (http://drive5.com/uchime/uchime_download.html) to perform

reference-based chimera checking using UCHIME algorithm (http://www.drive5.com/

usearch/manual/uchime_algo.html). All chimeric tags were removed and finally obtained

effective tags for further analysis. To obtain unique tags and to determine the number of tags

in the dataset, the dataset was subjected to redundancy treatment using Mothur software (v.

1.27.0) [81]. Moreover, rarefaction curves were calculated by Mothur for all samples to evalu-

ate the sequencing saturation. The representative sequences were classified into organisms by

naïve Bayesian model using RDP classifier [82] based on GreenGene Database (http://

greengenes.lbl.gov/cgi-bin/nph-index.cgi). The tags were clustered into operational taxonomic

units (OTUs) at� 97% similarity using the UPARSE [83] pipeline. The tag sequence with

highest abundance was selected as representative sequence within each cluster. The species

annotations and abundance information of the OTUs were used to generate OTU abundance

profiles for all samples. To determine the bacterial taxa that most likely explained differences

between sites, we used the linear discriminant analysis (LDA) effect size (LEfSe) method

(http://huttenhower.sph.harvard.edu/galaxy/) [84]. Metagenomic data would be the best

option for functional evaluation [85], but unfortunately such data sets are limited. Albeit there

is a limited predictive power of 16S rRNA gene diversity for function of insect associated sym-

bionts, we have used PICRUSt [49,86] to explore putative functions and pathways of OTUs

against the KEGG database. Briefly, OTUs were normalized by copy number, and the gene cat-

egories were predicted at level 2 and level 3 KEGG orthology groups (KOs). The metagenomic

prediction can produce the KEGG IDs and Enzyme Commission IDs. Unweighted unifrac dis-

tance matrix was generated by QIIME. Non-metric multidimensional scaling (NMDS) of

unweighted Unifrac distances was calculated for the OTUs at phylum level and plotted in R

with Welch’s t-test. Ordination was done in two dimensions. Ten iterations were performed,

and the iteration resulting in the lowest stress was plotted. The 16S rRNA gene sequencing

data was deposited in TSA database of NCBI (Accession number: PRJNA496064)

Phylogenetic analysis of Wolbachia
The 16s rRNA gene sequence of the most abundantWolbachiaOTU was submitted to BLAST

in NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). With the top hits in BLAST, a neighbor-

joining phylogenetic analysis was performed with MEGA 5.0 [87]. The neighbor-joining (NJ)

method was used to construct a phylogenetic tree based on the sequence of 16S rRNA gene

and the phylogenetic tree was evaluated by Bootstrap analysis.

Effect of diet difference on bacterial abundance in T. melanocephalum from

S. invicta invaded and non-invaded sites

To investigate whether symbiotic bacteria of T.melanocephalum workers were different

between S. invicta invaded and non-invaded areas, 12 individual colonies of T.melanocepha-
lum from S. invicta invaded and non-invaded sites were collected (2 colonies were collected

from each site of GZ1-6 and were kept in boxes in the laboratory, S5 Fig). Colony boundary

aggression tests suggested that all 12 colonies were separate colonies [76]. The experimental

design was as follows: for S. invicta non-invaded sites three colonies were fed with sugar (a
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carbohydrate-rich diet), and three were fed with locusts (a protein-rich diet); for S. invicta
invaded sites three colonies were fed with sugar, and three colonies were fed with locusts.

Workers were randomly sampled from these colonies every 3 days for 12 days. The DNA of 15

workers per colony was extracted as one pooled sample using a DNA extraction kit (Tiangen,

Beijing, China) following the manufacturer’s instructions. The absolute abundances ofWolba-
chia, Enterobacteriaceae and Lactobacillales bacteria were measured by real-time fluorescent

quantitative PCR with designed specific 16S rRNA gene primers forWolbachia (F: GCTGCA

GTGGGGAATATTGG; R: TAACGCTAGCCCTCTCCGTA), Enterobacteriaceae (F: TATT

GCACAATGGGCGCAAG; R: GGAGTTAGCCGGTGCTTCTT) and Lactobacillales (F:

TATTGCACAATGGGCGCAAG; R: GGAGTTAGCCGGTGCTTCTT). Quantitative PCR

analyses were performed for individuals that were fed different diets. PCR analyses were con-

ducted on an Agilent Technologies Stratagene M×3005P by real-time quantitative PCR. Each

treatment was measured in three separate technical replicates with a total reaction volume of

25 μL containing 0.5 μL of each primer (diluted to 10 mM), 12.5 μL SYBR Premix Ex TaqTM,

9.5 μL ddH2O and 2 μL template. Cycling conditions were as follows: 95˚C for 10 min and 40

cycles of 95˚C for 30 s, 60˚C for 45 s and 72˚C for 1 min. A standard curve for qPCR was gen-

erated by amplifying the 16S rRNA gene of Escherichia coli as a representative bacterium of the

family Enterobacteriaceae. For this purpose, E. coli was inoculated in LB liquid medium and

cultivated for 2 days. Then, Colony-Forming Units (CFUs) of E.coli were calculated with a

blood counting chamber. The DNA of E. coli was extracted from 2 ml culture. The extracted

DNA was diluted (1×, 0.1×, 0.01×, 0.001×) and the DNA dilution series was submitted to 16S

rRNA gene qPCR. For each concentration, 3 replicates were done.

B vitamin content of workers from colonies of T. melanocephalum living in

S. invicta invaded and non-invaded areas following food supplementation

To test whether availability and type of food source might affect colonies of T.melanocephalum
inhabiting S. invicta invaded and non-invaded areas, workers collected in the previous step

(workers from 2 colonies were collected from each site of GZ1-6, S5 Fig) were also sent to test

the contents of vitamin B1, vitamin B2, vitamin B3 and vitamin B12 using an enzyme-linked

immunosorbent assay (ELISA) kit (Shanghai, China, http://www.mlbio.cn/?bdmlbio-12)

according to the manufacturer’s instructions. For each of these colonies, 15 workers were ran-

domly collected to measure their content of B vitamins. Moreover, the colonies fed with sugar

for 12 days were provided with peptone as an alternative protein food source (to demonstrate

that changes in abundance ofWolbachia and other bacterial DNA is not due to locust-associ-

ated bacteria when T.melanocephalum is feeding on locust), and the colonies fed with locusts

for 12 days were provided with sugar, for another 12 days. Then the ants were sampled every 3

days. After the samples were collected, the content of vitamin B1 and vitamin B2 was mea-

sured. The content of vitamin B1 and vitamin B2 was also measured after the ants collected

from the invaded sites and non-invaded site were fed with locusts and sugar, respectively.

Further field and laboratory experiments to test the response of bacterial

symbionts of T. melanocephalum to S. invicta invasion

To further confirm the responses of bacterial symbionts of T.melanocephalum to S. invicta
invasion, T.melanocephalum from another three non-invaded sites (16 colonies) and four

invaded sites (13 colonies) were collected (colony boundary aggression tests suggested that all

colonies were separate colonies, S6 Fig). Then, the δN values and the abundance ofWolbachia,
Enterobacteriaceae and Lactobacillales were compared. To further confirm the different tro-

phic patterns of T.melanocephalum in invaded and non-invaded areas are caused by the
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competition of S. invicta, we performed the competition tests in laboratory in order to control

for spatial factors. Three colonies of T.melanocephalum (300 workers for each colony) from

non-invaded sites were collected. The experiment was run in boxes divided into three rooms,

two smaller rooms and one larger room (S7 Fig). One colony of T.melanocephalum and one

colony of S. invicta (100 workers) were placed into the two smaller rooms. Meanwhile, sugar

(a carbohydrate-rich diet) and locusts (a protein-rich diet) were randomly placed into the

larger room. Ants were given access to either rooms via holes in the room walls. In this way,

we were able to evaluate the impact of competitive pressure from S. invicta on the trophic pat-

terns of T.melanocephalum. As control, T.melanocephalum was reared in a two room box

(T.melanocephalum was placed in one room, sugar and locusts were randomly placed into the

other room). In this case, we were able to simulate the situation of T.melanocephalum without

the competition from S. invicta. After the colonies were reared for one month, the δN values

(15 workers per sample) and the abundance ofWolbachia, Enterobacteriaceae and Lactobacil-

lales were compared between treatment and control.

Statistical analysis

Ant species diversity indices (C,H’, E) were calculated for all samples. Independent sample t

tests were used to compare alpha diversity values and δN values between T.melanocephalum
in invaded areas and non-invaded areas. One-way analysis of variance (ANOVA) followed by

Tukey’s test for multiple comparisons was used to compare the bacterial abundance and vita-

min B contents in T.melanocephalum after reared with different diets. δ15N values and the

abundance ofWolbachia, Enterobacteriaceae and Lactobacillales in T.melanocephalum after

rearing with or without S. invicta for one month were compared with paired sample t tests.

For 16S rRNA gene sequences, we used the linear discriminant analysis (LDA) effect size

(LEfSe) method.

Supporting information

S1 Fig. Stable isotope content (mean ± SE) (δN) of plants in S. invicta invaded and non-

invaded areas.

(TIF)

S2 Fig. Community structure of bacterial symbionts from workers of T. melanocephalum
in S. invicta invaded and non-invaded areas. Shared and unique OTUs in bacterial symbi-

onts from workers of T. melanocephalum from the two areas (A); Rarefaction analysis based

on the Shannon index for bacterial symbionts from workers. The index values are shown on

the y-axis and the number or reads sampled are shown on the x-axis (B). Alpha diversity

(Shannon index) (mean ± SE) of bacterial symbionts from workers of T.melanocephalum
from the two areas (C); NMDS plot analyses based on Bray Curtis distances. T.m.I: T.melano-
cephalum in S. invicta invaded areas (D); T.m.NI: T.melanocephalum in S. invicta non-

invaded areas.

(TIF)

S3 Fig. Relative abundance (mean ± SE) of Bacillales, Lactobacillales, Wolbachia and

Enterobacteriaceae of T. melanocephalum in S. invicta invaded and non-invaded areas as

collected in the field (without experimental feeding in the laboratory).

(TIF)

S4 Fig. Vitamin B2 and B3 concentration in workers of T. melanocephalum from S. invicta
invaded and non-invaded areas after supplying with locusts and sugar as food, respectively

(in invaded area, vitamin B2: F 4,10 = 0.595, P = 0.674; vitamin B3: F 4,10 = 1.697, P = 0.227;
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in non-invaded area, vitamin B2: F 4,10 = 0.244, P = 0.907; vitamin B3: F 4,10 = 0.888,

P = 0.505).

(TIF)

S5 Fig. Locations of the three S. invicta invaded (red dots) and three non-invaded (black

dots) sites in this study. The map for study sites was adapted from the Wikipedia website

(https://en.wikipedia.org/wiki/File:Guangzhou_city_map_plan_China_Level_12_English.svg,

https://countrydigest.org/guangzhou-population/, https://upload.wikimedia.org/wikipedia/

commons/3/31/Guangdong_administrative_divisions_2009_1level-fr.svg).

(TIF)

S6 Fig. Locations of the four S. invicta invaded (red dots) and three non-invaded (black

dots) sites in this study. The map for study sites was adapted from the website (https://en.

wikipedia.org/wiki/Guangdong, http://d-maps.com/m/asia/china/guangdong/guangdong19.

gif).

(TIF)

S7 Fig. Boxes used for examining the effect of S. invicta invasion on T. melanocephalum.

Left: treatment; Right: control.

(TIF)

S1 Table. Number of ants per species captured in S. invicta invaded and non-invaded area.
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